Abstract. -The behavior of spiral turbulence in mechanically deformed excitable media is investigated. Numerical simulations show that when the forcing frequency is chosen around the characteristic frequency of the system, complicated spiral turbulence may be quenched within a shorter evolution time, compared to the case free of mechanical deformation. It is shown that the observed phenomenon occurs due to enhancing the drift of spiral tips induced by mechanical deformation.
A wide range of self-organized phenomena exists in spatially distributed systems. One of the most paradigmatic examples of spatiotemporal self-organized structures is a class of spiral waves, which have been observed in a variety of physical [1] , chemical [2] [3] [4] [5] and biological systems [6] [7] [8] [9] . The attractiveness of investigating the dynamics of spiral waves is not only because they own a special structure, i.e., the core regarded as a phase-singular in mathematical language, but more important they contribute to the underlying class of cardiac disease also, such as tachycardia and fibrillation [6] [7] [8] [9] . It is thus that, from a practical point of view, controlling the behaviors of spiral waves, particularly eliminating spiral waves and spiral turbulence, is extremely important and meaningful. Up to now, various methods to control two-, and even three-dimensional spiral waves and turbulence have been put forward [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
On the other hand, Munuzuri et al. [20] designed an appropriate elastic excitable medium by incorporating the BZ reaction into a polyacrylamide-silica gel and experimentally studied the influence of periodic mechanical contraction of excitable media on the behavior of rotating spiral waves. Recently, we derived, directly from origin reaction-diffusion equations, a formula of drifting velocity using weak-deformation approximation and explained the drift of spiral waves under resonant frequency [21] . Besides, spiral breakup due to mechanical deformation was studied in our recent work [22] . To our knowledge, however, the influences of mechanical deformation on complex spiral turbulence have not been studied. Naturally, a question arises: what is the destination of spiral turbulence when the medium is deformed periodically?
In this paper, we will study the effects of mechanical deformation on spiral turbulence. It will be shown that when the frequency of mechanical deformation is chosen in the vicinity of the characteristic frequency of the system, spiral turbulence can be eliminated during a short evolution time.
Let us begin with a modified FitzHugh-Nagumo model with two fields, e, g, and piecewise linear "Pushchino kinetics" [23] :
Here f (e) = C 1 e when e < e 1 ; f (e) = −C 2 e + a when e 1 ≤ e ≤ e 2 ; f (e) = C 3 (e − 1) when e > e 2 with e 1 = 0.0026, e 2 = 0.837, C 1 = 20, C 2 = 3, C 3 = 15, a = 0.06 and k = 3, respectively. ε(e, g) = ε 1 , if e < e 2 ; ε(e, g) = ε 2 , if e > e 2 ; ε(e, g) = ε 3 , if e < e 1 and g < g 1 , with ε 1 = 1/75, ε 2 = 1.0, ε 3 = 0.3, and g 1 = 1.8.
To mechanical deformation, it is modeled typically in the following manner: any fixed point r is changed to r (t) due to its deformation. We consider here only the one direction (xdirection) and the case of a simple oscillation x = x[1+A cos(ωt+φ)], so eqs. (1) become [22] :
One can see that eqs. (2) are identical with the model of mechanical deformation in ref. [20] : the contraction of the medium is modeled by varying the size of the grid in the x-direction in the numerical simulation of eqs. (1) . Compared to eqs. (1), one can see that the mechanical deformation in the x-direction leads to a time-dependent simple anisotropy in the diffusion coefficient D x from a mathematical point of view. To integrate eqs. (2), the explicit Euler scheme is employed with time step ∆t = 0.02 and space step ∆x = 0.5. Firstly, we study the influences of deformation on a certain spiral turbulence initialized from a breakup process of a single spiral without any deformation [23, 24] . As shown in [25] , the spiral turbulence for this model is a long-lived transient whose lifespan increases rapidly with L, the linear size of the system. We have tested one initial turbulence state with L = 128 ( fig. 1(a) ) of the system (1) and found that it will not evolve into the rest state when the evolution time is less than 5000.
One of the qualitative effects of mechanical deformation on spiral turbulence is illustrated in fig. 1 . For values of the forcing frequency, ω, far smaller (ω = 0.100, fig. 1(b) ) or far greater (ω = 0.500, fig. 1(c) ) than the characteristic frequency (ω ≈ 0.260, see fig. 3 (c)) of the system (1), the initial spiral turbulence ( fig. 1(a) ) changes little after a period of time.
To the contrary, spiral turbulence may be suppressed when the forcing frequency (ω = 0.250, fig. 1(d) ) is chosen close to the characteristic frequency of the system (1).
However, the behavior of spiral turbulence subjected to periodic mechanical deformation with a frequency ω around the characteristic frequency is very complicated, and this can be seen clearly from fig. 2(a) showing the dependence of the inverse of lifetime, 1/τ , on the forcing frequency. The lifetime τ is defined as the time of elimination of spiral turbulence after applying the forcing. 1/τ = 0 means that the spiral turbulence is not eliminated. In fig. 2(a) , for the same initial condition ( fig. 1(a) that 1/τ is sensitive to the forcing frequency ω. For example, the spatiotemporal chaos is eliminated within t = 1500 when the forcing frequency is chosen at ω = 0.250, while it cannot be suppressed for the chosen frequency ω = 0.255 even after t = 3000. Such irregularity or sensitivity is also observed clearly in fig. 2(b) , where the forcing frequency is fixed at ω = 0.250 and the amplitude A is changed in a range [0.13, 0.27] with steps of 0.01, and in fig. 2(c) , where the forcing frequency and amplitude are kept constant and the initial conditions are changed by varying the time when periodic forcing is switched on. T s represents the time when we switch on periodic forcing in the course of evolution of system (1), and it is thus that different T s means different initial conditions in our simulations.
As discussed above, the dynamics of spiral turbulence in the periodically mechanical deformed media is so complicated that we do not tend to study the effects of mechanical deformation on one certain initial condition. Instead, we study the distribution of probable successful control ρ(ω) on large numbers of initial conditions. The larger the values of ρ, the more probably the rest state appears. For instance: for N different initial turbulence states, if n of them can be successfully suppressed at ω, ρ(ω) will be equal to n/N . One hundred initial conditions are used to calculate ρ(ω). By changing the time when the external periodic force is applied to the system (1), we can obtain large numbers of initial conditions. The distribution of the probable successful control ρ(ω) is shown in fig. 3(a) . One can see that the principal contribution of ρ(ω) is mainly constrained to the region between the two vertical lines, representing ω = 0.21 (left) and ω = 0.28 (right) in fig. 3(a) . Furthermore, we also calculate the average number of spiral tips as a function of frequency from one hundred initial conditions (see fig. 3(b) ) and find it consistent with fig. 3(a) . Figure 3(c) gives the power spectrum (for a variable e) calculated from 1000 points of the system (1) and the principal value also approximatively falls into the range from 0.21 to 0.28, indicated by left and right vertical lines. The agreement of the qualitative features of the distribution of the probable successful control, average tip number as well as the power spectrum permit us to draw a conclusion that the result observed here is a kind of single-frequency resonance behavior, which has been observed in the resonant drift of rotating spirals for equal frequencies of mechanical deformation and spiral rotation [20, 21] . The mechanism, underlying the result of spiral turbulence being quenched due to external mechanical deformation around the characteristic frequency of the system, can be interpreted intuitively in the following way: spiral turbulence dominating the whole excitable medium consists of a variety of small spirals; when the excitable medium is subjected to an external periodic mechanical deformation, the drift of spiral tips will be enhanced, which is shown in fig. 4 . Generally, spiral tips drift randomly and are constrained to a limited region if the system is free of mechanical deformation (see fig. 4(a) ). However, when the system is deformed periodically with a forcing frequency close to the characteristic frequency of the system, the tips are no longer confined to a local region and instead the drift of tips is enhanced (see fig. 4(b) ). As a result, some of them will drift towards the boundary of the system and disappear through it, and some may collide with each other because of the enhancement of the drift. When two tips with different topological charges collide, they may be annihilated and the reconnection of waves will happen, which can be seen from fig. 5 . Figure 5(a) is an initial spiral-turbulence state consisting of a large number of small spirals. In general, this state evolves in time with similar configurations and will not vary dramatically during the evolution of the system (1). Contrarily, the case will be changed if the medium is deformed around the characteristic frequency. As time elapses, fragments will reconnect due to the interaction of tips and form larger ones (figs. 5(b)-(j)). Ultimately, the complexity of the spatiotemporal dynamics is reduced and even eliminated (figs. 5(k)-(l)). The drift and interaction of spiral tips play a key role for the overall dynamics of spiral turbulence. Though the evolution process of the whole dynamics is very complicated, the spiral turbulence may disappear finally if the condition is suitable.
To check whether our strategy presented here is sensitively model dependent, we also study the influence of mechanical deformation on spiral turbulence in the Bär model [26] :
where
and f (u) = 1, if u > 1. For ε > 0.07 with fixed a = 0.84 and b = 0.07, a single spiral will break up due to Doppler effect and the system will quickly fall into a turbulence state. Numerical simulations of the Bär model show that termination of spiral turbulence does occur when the chosen frequency is close to the characteristic frequency (ω 0 = 1.10) of system (3) (see fig. 6 ).
We also find that spiral turbulence can be suppressed (not shown) when we periodically modulate other parameters, for example a of the modified FitzHugh-Nagumo model (1) . The observed phenomenon is also a resonance-type behavior in frequency. The drift of spiral tips is enhanced by modulating a when the forcing frequency is chosen in the neighborhood of the characteristic frequency of the system.
In conclusion, the effect of mechanical deformation on spiral turbulence has been studied. We have shown that the complicated spatiotemporal chaos may be suppressed when the excitable medium is subjected to mechanical deformation. Although the results are dependent on and sensitive to the parameters of mechanical deformation and even initial conditions, a large amount of statistic data indicate that the frequencies of mechanical deformation for successful control are mostly around the characteristic frequency of the system. The agreement of distribution of probable successful control ρ(ω), average number of spiral tips as well as power spectra of the system (1) permits us to conclude that the observed phenomenon is a resonance-type behavior in frequency. At last, we hope that our results will be observed in experiments. By changing the concentrations of the BZ reaction, the spiral waves may break up and spiral turbulence will emerge in the elastic excitable medium [20, 27] . Then one can study the effect of mechanical deformation on spiral turbulence experimentally. * * * This work was supported by the National Nature Science Foundation of China. We would like to thank Ningjie Wu for useful discussions.
